A number of recent studies have focused on the association between long non-coding RNAs (lncRNAs) and cancer. HOX transcript antisense RNA (HOTAIR), an lncRNA that functions as a transcriptional modulator, has been implicated in various fundamental biological activities. HOTAIR mediates the trimethylation of histone H3 at lysine 27 and the demethylation of histone H3 dimethyl Lys4 by recruiting the polycomb repressive complex 2 and the lysine-specific demethylase 1/co-repressor of RE1-silencing transcription factor (coREST)/REST complex to the target gene promoters, which leads to gene silencing. Overexpression of HOTAIR in hepatocellular carcinoma (HCC) is strongly associated with an unfavorable prognosis for patients with HCC. HOTAIR promotes the carcinogenic activity of HCC cells through the suppression of RNA binding motif protein 38, triggering the epithelial-mesenchymal transition, and by interacting with microRNAs that act as tumor suppressors. In the present review, the role of the lncRNA HOTAIR in HCC is examined. The potential use of HOTAIR as a biomarker to achieve more accurate prognostic predictions and as an effective therapeutic target for HCC is then discussed.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common type of malignancy worldwide and is associated with the third highest number of cancer-related mortalities (1) . Approximately 626,000 new cases are diagnosed each year, a large proportion of which are fatal (2) . Although the diagnosis and treatment of HCC have improved over the years, the mortality rate of patients with HCC continues to be high (3) . Tumor metastasis and recurrence remain the major obstacles to achieving higher long-term survival rates (4) . It is therefore clinically important to elucidate the molecular pathogenesis of HCC, as this could assist in revealing effective therapeutic strategies and, ultimately, aid patients with HCC to achieve a favorable prognosis.
Conventional wisdom holds that protein-coding genes play dominant roles in gene regulation on the basis of the genetic central dogma: DNA encodes mRNA, which encodes protein. However, technological advances have revealed that only 1.5% of the human genome is protein coding, while the remaining ~98% is transcribed into RNAs that do not produce any proteins, termed non-coding RNAs (ncRNAs) (5) . The ncRNAs are divided into long ncRNAs (lncRNAs; >200 nucleotides) and small ncRNAs (sncRNAs; <200 nucleotides) (6) . sncRNAs such as microRNAs (miRNAs) have important roles in the initiation and development of various malignancies (such as breast cancer, lung cancer and gastric cancer) (7) (8) (9) (10) and other diseases, including systemic lupus erythematosus, rheumatoid arthritis and multiple sclerosis (11) (12) (13) . Recently, the association between human disease, including cancer, and lncRNAs has attracted increasing attention. Numerous investigations
Role of the long non-coding RNA HOTAIR in hepatocellular carcinoma (Review)
center around the functions of lncRNAs in the initiation and progression of HCC (2, (14) (15) (16) (17) (18) (19) . These studies suggested that dysregulation of several lncRNAs was tightly associated with metastasis, disease recurrence and poorer clinical outcomes in patients with HCC (Table I) (2, 14, 19, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . HOX transcript antisense RNA (HOTAIR), a 2,158-nucleotide lncRNA derived from the antisense strand of homeobox gene C cluster (HOXC) (35) , has been identified as an HCC-related lncRNA.
In the present review, the expression and function of HOTAIR in HCC is investigated. Additionally, the clinical potential of HOTAIR as a biomarker for predicting HCC prognosis, and whether it could serve as a novel target for HCC therapy, is discussed.
Identification and characterization of lncRNA HOTAIR
HOTAIR was originally discovered by Rinn et al through tiling microarray analysis in 2007 (36) . A later study reported that HOTAIR is found only in mammals and can possess divergent sequences, although the structure is conserved (37) . HOTAIR is transcribed from the HOXC locus, situated between HOXC12 and HOXC11 on chromosome 12q13.13 ( Fig. 1) , a region that evolved more quickly than nearby HOXC genes (37) . HOTAIR is the first identified trans-acting lncRNA that functions as a modulator of gene expression. For instance, when co-expressed with the HOXC gene on chromosome 12, HOTAIR represses the expression of HOXD on chromosome 2 through recruitment of and interaction with the polycomb repressive complex 2 (PRC2) and lysine-specific demethylase 1 (LSD1)/co-repressor of RE1-silencing transcription factor (coREST)/REST complexes (36, 38, 39) . The human HOTAIR gene contains six exons; exons 1 to 5 (range, 33-140 bp) are short, whereas exon 6 (1,817 bp) is long and is classified into domains A and B (37) . Although the overall sequences of HOTAIR are poorly conserved, the 5' and 3' binding domains of HOTAIR, which bind to PRC2 and LSD1/CoREST/REST complexes, respectively, may possess relatively constant sequences and structures (40) . The PRC2 complex is made up of suppressor of zeste 12 homolog (SUZ12), enhancer of zeste homolog 2 (EZH2) and embryonic ectoderm development (14) . EZH2 is a methyltransferase that requires the presence of the other subunits to be functional (41) . EZH2 mediates the transcriptional silencing via the trimethylation of histone H3Lys27 (giving H3K27me3) (42) . Within the LSD1/CoREST/REST complex, LSD1 also acts as a transcriptional repressor. However, LSD1 also functions as a histone demethylase that mediates transcriptional repression via the demethylation of dimethyl histone H3 Lys4 (H3K4me2) (Fig. 1) (43) . In brief, HOTAIR coordinates the functions of the two chromatin-modification complexes (44) and alters the expression of multiple genes that are associated with diverse biological functions (35) .
Expression of HOTAIR in HCC
The expression of HOTAIR in tumor tissue is markedly higher than in the adjacent healthy tissue in HCC patients (2, 19, 35, 45) . The abnormal expression of HOTAIR in HCC is associated with lymph node metastasis, larger tumor size, tumor recurrence after liver transplantation (LT) and shorter disease-free survival (DFS) after surgical resection or LT (2,14,19,21).
It is well known that the expression of the v-myc avian myelocytomatosis viral oncogene homolog (MYC) oncogene, a powerful cancer-promoting gene, affects the expression of HOTAIR. MYC is implicated in tumorigenesis in a diverse range of tissues, regulating gene expression and cell proliferation (46) . For instance, a previous experimental study demonstrated that expression of HOTAIR is stimulated by c-Myc through interaction with a putative E-box element located upstream of the HOTAIR gene in gallbladder cancer cells (47) . Since c-Myc has a pivotal role in hepatocarcinogenesis (47, 48) , the part it plays in HCC necessitates investigation.
A recent study reported that HOTAIR is regulated by IκB kinase (IKK), made up of IKKα, IKKβ and IKKγ subunits, in a H3k27me3-dependent manner (49) . The three subunits of IKK affected the growth of liver cancer stem cells (LCSCs) through regulation of HOTAIR expression. Specifically, IKKα and IKKβ upregulated the expression of HOTAIR, whereas IKKγ downregulated it. A reverse interaction was also observed, with the carcinogenic effects of three core IKK subunits being activated by HOTAIR (49) .
More recent studies have demonstrated that miRNAs serve notable roles in HOTAIR regulation (50, 51) . Unlike HOTAIR, miR-141 exerts a tumor suppressive function that inhibits the malignancy of cancer cells in several types of cancer (35) . HOTAIR expression levels were found to be inversely associated with those of miR-141 in renal carcinoma cells (51) . miR-141 suppressed the expression of HOTAIR in an argonaute-2-dependent manner, which ultimately resulted in reduced cell proliferation and tumor invasion (51) . Although these findings were observed in other cancer types, the miRNA-141-mediated degradation of HOTAIR in HCC necessitates further investigation (52) (53) (54) (55) .
Osteopontin (OPN) is a phosphoglycoprotein that has been reported to be able to upregulate HOTAIR in cancer cells, with the knockdown of OPN markedly diminishing the level of HOTAIR expression (56) . The CD44 receptor is a positive regulator of OPN that is also implicated in the regulation of OPN-mediated HOTAIR expression. Previously considered to be a tumor suppressor, expression of interferon regulatory factor-1 (IRF1) was verified to be elevated in cancer cells, with its overexpression decreasing the levels of HOTAIR expression (56) . In fact, OPN promoted HOTAIR expression via the inhibition of IRF1 and its signaling pathway (56) . Since OPN has been identified as a promoter of HCC progression and metastasis (57, 58) , the mechanism of OPN-induced HOTAIR expression in HCC requires further investigation.
Transforming growth factor-β (TGF-β) stimulates expression of HOTAIR and triggers EMT (59) . Similarly, type I collagen (Col-1), which is often overexpressed in lung cancer, could also promote HOTAIR expression (60) . Since TGF-β and Col-1 are powerful triggers of EMT in HCC (61, 62) , their further investigation may lead to novel insights into the regulatory role of HOTAIR in HCC.
Functions of HOTAIR in HCC
HOTAIR enhancement is associated with invasion, progression, metastasis and poorer clinical outcomes in HCC patients (Table I) (2,14,19-21) . In HCC cells, HOTAIR modulates various genes and molecules that play critical roles in cancer Figure 1 . Mechanism of the gene-silencing action of HOTAIR. HOTAIR lncRNA is transcribed from the HOXC locus located at chromosome 12q13.13, in a position flanked by HOXC12 and HOXC11. HOTAIR functions as a molecular scaffold, interacting with the PRC2 and LSD1 complexes via its 5' and 3' ends and recruiting them to its target gene promoters. This induces the trimethylation of H3K27 (H3K27me3) and the demethylation of H3K4 (H3K4deme), ultimately resulting in gene silencing. HOTAIR, HOX transcript antisense RNA; lncRNA, long non-coding RNA; HOXC, homeobox C cluster; PRC2, polycomb repressive complex 2; SUZ12, suppressor of zeste 12 protein homolog; EED, embryonic ectoderm development; EZH2, enhancer of zeste homolog 2; REST, RE1-silencing transcription factor; LSD1, lysine-specific histone demethylase 1; coREST, REST corepressor 1; H3K27me3, trimtethylated lysine 27 of histone H3; H3K4deme, demethylated lysine 4 of histone H3. (16) . Moreover, the study also reported that the level of RBM38 expression in HCC tissue was markedly lower than that in healthy tissue in the same patients. RBM38-knockdown could restore the inhibition of malignancy that was mediated by the downregulation of HOTAIR (16) . Therefore, it could be concluded that HOTAIR mediates the migratory and invasive phenotypes of HCC cells through the suppression of RBM38, indicating that HOTAIR and RBM38 serve notable roles in HCC development (16) . A recent study observed that HOTAIR exerted oncogenic effects in LCSCs. A negative correlation between the expression of HOTAIR and SET domain-containing 2 (SETD2) was also found in this study (63) . Furthermore, the study demonstrated that SETD2 abrogates the oncogenic activity of HOTAIR, thus exerting a tumor suppressive function. Taking these observations together, HOTAIR serves an oncogenic role through decreasing the expression of SETD2 in LCSCs (63) .
It is well accepted that autophagy exerts important effects on the initiation and development of human cancer (64) . A recent study suggested that HOTAIR was overexpressed in HCC and that its dysregulation could promote autophagy (65) . Moreover, it was also observed that increases in the expression of autophagy-related gene 3 (ATG3) and ATG7 were accompanied by HOTAIR overexpression. In summary, overexpression of HOTAIR triggers autophagy through the upregulation of ATG3 and ATG7, thus eventually facilitating HCC progression (65) .
HOTAIR exerts biological functions through recruiting the PRC2 and LSD1 complexes to the target genes and repressing their expression (35) . The PRC2 complex has been observed to be essential for silencing certain tumor suppressive genes (45) . Several studies concerning HCC demonstrated that the subunits of the PRC2 complex are hyperexpressed in HCC and could mediate hepatocarcinogenesis (66) (67) (68) . EZH2 was found to be upregulated in HCC cells; its overexpression could inactivate several tumor suppressive miRNAs. Moreover, high expression of EZH2 was closely associated with a negative clinical outcome in patients with HCC (66, 67) . SUZ12, another component of the PRC2 complex, serves an important role in H3-K27 methylation and gene silencing (68) . SUZ12 was also found to be upregulated in liver tumors and has been considered as a novel target for HCC therapy (68) . Besides the PRC2 complex, HOTAIR also facilitates the progression of HCC through LSD1. LSD1 is an important regulator of hepatic carcinogenesis whose upregulation is closely associated with advanced stages of HCC (69). B-cell lymphoma 2 (Bcl-2) and c-Myc are oncogenes that can stimulate the initiation and development of cancer. Data suggest that the downregulation of Bcl-2 and c-Myc is followed by LSD1 silencing, indicating that LSD1 may function as a tumor promoter through the stimulation of Bcl-2 and c-Myc expression (69). Further evidence has suggested that LSD1 overexpression is a poor prognostic predictor for patients with primary HCC (70) .
The invasive and metastatic phenotypes of HCC are attributed to the progression of EMT (62) . A recent study observed that HOTAIR overexpression in normal liver stem cells (NLSCs) could result in their malignant transformation (71). Ye et al (71) suggested that HOTAIR could promote the initiation of HCC by inducing EMT. During EMT, HOTAIR promoted tumor progression by regulating EMT-related genes (72, 73) . For example, HOTAIR stimulated EMT by suppressing miR-331-3p, which is an inhibitor of the human epidermal growth factor receptor 2 (HER2)/AKT/heat-shock factor 1/Slug pathway (74) . HOTAIR has also been reported to stimulate EMT through suppression of the EMT inhibitor Wnt inhibitory factor 1 in esophageal squamous cell carcinoma cells (75, 76) . HOTAIR has been shown to downregulate miR-7, a tumor suppressor that has been reported to reverse EMT in breast cancer cells (77) . In addition to suppressing EMT inhibitors, HOTAIR triggers EMT by facilitating the expression of EMT effector molecules. For instance, HOTAIR may be involved in the expression of matrix metalloproteinases (MMPs), which are critical regulators of the invasive and metastatic phenotypes of HCC cells (19, (78) (79) (80) . However, future investigation is required to support this viewpoint.
HOTAIR serves a considerable role in hepatitis B virus (HBV)-mediated hepatic tumorigenesis by enhancing the ubiquitination of SUZ12 and zinc finger protein 198 (ZNF198) in the presence of polo-like kinase 1 (Plk1) (81) . SUZ12 is an important component of the PRC2 complex that can repress transcription. Another complex that represses transcription, LSD1/Co-REST/ histone deacetylase 1, is stabilized by ZNF198. In cells infected with HBV, negative regulation of ZNF198 and SUZ12 results in the epigenetic reprogramming of the cell. In brief, HOTAIR facilitates the ubiquitination of Plk1-phosphorylated SUZ12 and ZNF198 and accelerates their proteasomal degradation during HBV-induced liver carcinogenesis (81) .
HOTAIR promotes tumorigenesis via interaction with miRNAs. As aforementioned, the level of HOTAIR expression is modulated by several miRNAs with tumor suppressor effects, including miR-141 (51). However, HOTAIR also modulates miRNA levels, recognizing and then degrading target miRNAs (82) . For instance, a miR-130a binding site has been found in the HOTAIR lncRNA and was proven to be important for the HOTAIR-mediated regulation of miR-130a (47) . In gallbladder cancer tissue, miR-130a expression was found to be negatively associated with HOTAIR expression. This suggests that HOTAIR partly exerts its carcinogenic effect by downregulating miR-130a (47) . A previous study demonstrated that HOTAIR functions as a competitive endogenous RNA (ceRNA), competing with HER2 for miR-331-3p binding sites and thus ultimately alleviating the miR-331-3p-mediated repression of oncogenic HER2 expression in gastric cancer cells (83) . Another, more recent, study suggested that the dysregulated expression of HOTAIR is also involved in hematological malignancies (84) . HOTAIR was again found to act as a ceRNA, binding miR-193a and thereby regulating the expression of proto-oncogene c-KIT in acute myeloid leukemia cells (84) . Although these findings have not all been reported in HCC, the interaction between HOTAIR and miRNAs should be investigated in HCC, as miR-130a and miR-193a-3p serve as tumor suppressors in the disease (85, 86) .
Clinical values of HOTAIR in HCC
HOTAIR is considered to be an effective molecular marker in HCC: its reinforced expression in HCC tissues is closely associated with lymph node metastasis, larger tumor size, tumor recurrence after LT and inferior DFS after surgical resection or LT (Table I) . In a cohort of 50 patients with HCC that underwent surgical resection, 3-year recurrence-free survival rates in patients with low HOTAIR expression were noticeably higher than those in patients with high HOTAIR expression. The study also suggested that HOTAIR could be employed as a marker for predicting lymph node metastasis in HCC (19) . In another study of 64 patients with HCC, the overall survival rate of the 13 patients with high HOTAIR expression was markedly lower than that of the 51 patients with low HOTAIR expression. A positive association between hyperexpression of HOTAIR and larger tumor size was also observed in this study (14) . In addition, a recent study of 60 patients with HCC who underwent LT demonstrated that patients who overexpressed HOTAIR were more susceptible to tumor recurrence after LT. Yang et al (2) proposed that HOTAIR can be employed as a predictive biomarker for predicting tumor relapse after LT.
As with cancer-specific miRNAs, HOTAIR, as an lncRNA, is stable and detectable in various sorts of biological specimens, including serum and urine (3, 87) . lncRNAs can be determined at low cost and levels are easily assessed by simple methodologies such as quantitative PCR, which are already in routine clinical practice (87) . Therefore, lncRNAs, including HOTAIR, could be potentially employed as fluid-based non-invasive markers for clinical use (3).
An increasing number of studies have reported that HOTAIR is a promising therapeutic target in HCC. For example, under the positive regulation of HOTAIR, vascular endothelial growth factor (VEGF) and MMP-9 could promote the progression of HCC. Therefore, treatments aimed at HOTAIR could inhibit HCC growth (19, 45) . Drugs directly targeting VEGF or MMP-9 may also be effective for HCC therapy (45) . As aforementioned, HOTAIR mediates migratory and invasive phenotypes of HCC cells via the inhibition of RBM38, with downregulation of HOTAIR leading to a marked reduction in cell motility. These observations indicate that HOTAIR is a potential target for HCC therapy and that RMB38 serves as a suppressed target of HOTAIR (16) . Moreover, in a previous study, inhibiting HOTAIR function decreased the viability and invasiveness of HCC cells and increased their sensitivity to TNF-α-mediated apoptosis and chemotherapeutic drugs (2). An independent study has shown that HOTAIR plays a considerable role in hepatic tumorigenesis by downregulating miR-218 expression and inactivating the P14 ARF and P16 Ink4a signal pathways (88) . HOTAIR silenced the expression of miR-218 by directly recruiting EZH2 to its promoter. Antitumor drugs for HCC could therefore be designed to directly disrupt the HOTAIR-EZH2-miR-218 negative regulatory axis (88) . As has been discussed, PRC2 and LSD1 complexes were overexpressed in HCC and acted as partners of HOTAIR in the development of HCC. They could therefore be considered to be latent targets of HCC treatment (66,69).
Conclusion and future perspectives
HCC is one of the most pressing health problems around the world; it is aggressively malignant and has a high risk of recurrence. Despite the use of diverse treatment methods, including chemotherapy, surgery and LT, the clinical prognosis remains poor. Improvements in the speed of diagnosis and the discovery of effective therapeutic targets for HCC are therefore essential if this prognosis is to be improved. As has been mentioned, HOTAIR is abnormally expressed in HCC and serves a key role in the progression of HCC. HOTAIR recruits the PRC2 and LSD1 complexes to their target gene promoters, inducing H3K27 trimethylation and H3K4me2 demethylation, which eventually leads to gene silencing (Fig. 1) . HOTAIR expression is modulated by various molecules, including miR-141, c-Myc, IKK and OPN. HOTAIR promotes invasive and aggressive phenotypes of HCC cells by diverse mechanisms, which include suppression of RBM38, reduction of SETD2 expression, stimulation of autophagy, induction of EMT and interaction with different tumor suppressor miRNAs, including miR-130a.
Numerous studies have demonstrated that HOTAIR can be employed as a novel prognostic molecular marker in HCC, as its enforced expression is strongly associated with lymph node metastasis, larger tumor size, tumor recurrence following LT and inferior DFS after surgical resection or LT. In addition, HOTAIR expression levels can be easily determined non-invasively, making its clinical application feasible.
As a promising therapeutic target of HCC, HOTAIR could be blocked in diverse ways. Firstly, drugs that mask the certain binding sites could disrupt the interplay between HOTAIR and its molecule partners, which include the PCR2 and LSD1/ CoREST/REST complexes, thus silencing HOTAIR. Moreover, HOTAIR could be targeted for degradation by specific miRNAs such as miR-141. Finally, antitumor agents could be designed that are targeted at molecules that participate in the HOTAIR pathway in HCC, such as VEGF and MMP-9. This could be an indication of the future directions of novel drug development in HCC therapy.
In summary, HOTAIR is emerging as a novel prognostic molecular marker and as an efficient therapeutic target for HCC. However, further investigation of the underlying molecular mechanism behind dysregulated HOTAIR expression, and how it drives HCC progression, is required to maximize the clinical potential of HOTAIR.
